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Summary
Cdc14-like phosphatases regulate a variety of cell cy-
cle events by dephosphorylating CDK sites. Their cell
cycle-dependent changes in localization may be im-
portant to carry out distinct functions. Work in bud-
ding and fission yeast suggested that Cdc14-like
phosphatases are inhibited by nucleolar sequestra-
tion [1–3]. In S. cerevisiae, Cdc14p is released from
the nucleolus by the FEAR network and Cdk1 [1, 4],
whereas the S. pombe CDC14-like phosphatase Clp1p
(also known as Flp1p) is released at mitotic entry by
an unknown mechanism. The mitotic exit network
(MEN) in S. cerevisiae and its homologous network,
the septation initiation network (SIN), in S. pombe
act through an unknown mechanism to keep the
phosphatase out of the nucleolus in late mitosis [1].
SIN-dependent cytoplasmic maintenance of Clp1p is
thought to be essential for the cytokinesis check-
point, which blocks further rounds of nuclear division
until cytokinesis is completed. By targeting Clp1p to
the nucleus or the cytoplasm, we demonstrate dis-
tinct functions for these pools of Clp1p in chromo-
some segregation and cytokinesis, respectively. Our
results further suggest that the SIN does not keep
Clp1p out of the nucleolus by regulating nucleolar af-
finity, as proposed for S. cerevisiae Cdc14p, but in-
stead, Clp1p may be regulated by nuclear import/
export.
Results and Discussion
Localization of Clp1p-NLS-GFP and Clp1p-NES-GFP
In order to distinguish between Clp1p nuclear and cyto-
plasmic functions, we sought to target Clp1p either in-
side or outside the nucleus by tagging clp1-GFP with
nuclear export signals (NES) or with nuclear localiza-
tion signals (NLS). The resulting strains carry a single
tagged copy of clp1, expressed from its own promoter.
The control Clp1p-GFP localized as expected to the
spindle pole body (SPB) and nucleolus in interphase
and to the actin ring, the mitotic spindle, and kinet-
ochores during mitosis (Figures 1A and 1D) [2, 3, 5].
Clp1p-GFP-NES and Clp1p-GFP-NLS localized as pre-
dicted: Clp1p-GFP-NES was found at cytoplasmic sites
such as the SPB during interphase and the contractile
actin ring in mitosis (Figure 1B). Conversely, Clp1p-
GFP-NES was absent from nuclear sites such as the
nucleolus in interphase and the spindle during mitosis
and was only rarely detected at the kinetochores in
some cells blocked in metaphase (Figures 1B and 1E).*Correspondence: dannel.mccollum@umassmed.eduClp1p-GFP-NLS was absent from the cytoplasmic sites
and only detected at nuclear sites, namely the nucleo-
lus in interphase and the spindle during anaphase (Fig-
ure 1C) as well as the kinetochores in metaphase
(Figure 1F; see Figure S1 in the Supplemental Data avail-
able with this article online). Both Clp1p-GFP-NES and
Clp1p-GFP-NLS presumably still shuttle across the nu-
clear envelope, but their steady-state levels are shifted
to either the cytoplasm or the nucleus. Clp1p-GFP-NES
is absent from the nucleolus, the site where Clp1p is
thought to be sequestered and inactive. Surprisingly,
this does not affect cell-cycle progression as was re-
ported for Clp1p overexpression. Overproduction of
Clp1p leads to a delay in interphase, and this delay
causes cells to grow longer and septate at an increased
size. Conversely, clp1 mutants enter mitosis preco-
ciously and divide as smaller cells than wild-type [2, 3].
Neither forcing Clp1p into or out of the nucleus had
a significant effect on the cell cycle during normal
growth, as judged by the cell size at cell division (Fig-
ure S2).
In order to characterize the dynamics of Clp1p-GFP-
NES and Clp1p-GFP-NLS localization, cultures were
synchronized in G2 phase with the cdc25-22 temper-
ature-sensitive allele, then released from the block, and
the localization pattern was analyzed in 10 min intervals
in fixed cells. Clp1p-GFP-NES localized at the SPB in
cells arrested in G2 phase (Figure 2Ba). Twenty minutes
after release of the culture from the G2 arrest, Clp1p-
GFP-NES left the SPB and appeared in punctate dots
at the medial cell cortex proximal to the nucleus, where
the actin ring forms. As cells progressed into anaphase,
the punctate Clp1p-GFP-NES signal assembled into a
concise ring, as previously reported for other ring com-
ponents (Figures 2A and 2Bb) [6]. After completion of
ring constriction, Clp1p disappeared from the cell mid-
dle and reappeared at the SPBs (Figures 2A and 2Bc).
Clp1p-GFP-NLS was exclusively nucleolar in cells ar-
rested in G2 phase (Figure 2Da) and appeared at ad-
ditional nuclear spots, presumably the kinetochores,
shortly after release into mitosis. This coincided with
release of Clp1p-GFP-NLS throughout the nucleus in
early mitosis (Figure 2Db). As cells entered anaphase,
Clp1p-GFP-NLS localized to the mitotic spindle until
spindle breakdown (Figure 2Dc). Thereafter, Clp1p-
GFP-NLS relocalized to the nucleolus (Figure 2Dd).
In S. pombe, kinetochores are positioned in close
proximity to the SPBs in interphase and anaphase [7].
Therefore, SPB and kinetochore localization cannot be
distinguished easily when proteins such as Clp1p local-
ize to both sites. However, the kinetochores are within
the nucleus and the SPBs outside the nucleus in in-
terphase and at the end of anaphase [8]. Therefore, the
nuclear clp1-GFP-NLS and cytoplasmic clp1-GFP-NES
alleles allowed us to differentiate between Clp1p SPB
and kinetochore localization. Because Clp1p-GFP-NLS
did not localize at a spot on the nuclear periphery dur-
ing interphase, we concluded that it is absent from the
kinetochores during interphase. Conversely, Clp1p-GFP-
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1385Figure 1. Clp1p Localization in the Cytoplasm and Nucleus
Clp1p-GFP (A and D), Clp1p-GFP-NES (B and E), and Clp1p-GFP-
NLS (C and F) localization and merged with the DAPI signal are
shown in fixed cells. (A)–(C) show interphase and anaphase (*)
stages. Cells shown in (D)–(F) carry a mutation in the dis1 gene and
were blocked in metaphase by shift to 19°C for 6 hr prior to fixation.NES did not localize in spots at the spindle ends during
mitosis, showing that Clp1p does not localize to the
cytoplasmic side of the SPB during anaphase.
Absence of Clp1p from the Nucleus Causes Defects
in Chromosome Segregation
Clp1p is required for faithful chromosome segregation
and localizes to the kinetochores and the mitotic spin-
dle during mitosis [5]. Clp1p-GFP-NES is displaced
from the kinetochores and the mitotic spindle (Figures
1B, 1E, and 2Bb). This allowed us to test whether Clp1p
localization to the nucleus is required for its function in
chromosome segregation.
clp1 has negative genetic interactions with muta-
tions in the dis1 gene, which is required for chromo-
some segregation [5]. We constructed double mutants
between clp1-GFP-NES, clp1-GFP-NLS, and the cold-
sensitive dis1 mutant and compared their growth rate
at different temperatures. dis1 mutants grow at a per-
missive temperature of 30°C as well as at a semiper-
missive temperature of 25°C. dis1 clp1 double mu-
tants grow very slowly at 30°C and are dead at 25°C
(Figure 3A) [5]. Although the clp1-GFP-NLS mutant as
well as the control clp1-GFP did not display any nega-
tive genetic interactions with dis1, dis1 clp1-GFP-NES
double mutants showed little growth at 25°C (Figure 3A).
Clp1p was previously shown to function in the regula-
tion of the chromosomal passenger proteins. Doublemutants between clp1 and cut17-275, a temperature-
sensitive allele of S. pombe survivin cut17/bir1 [9], were
not viable [5]. Consistent with the genetic interaction
with the dis1 mutant, double mutants between cut17-
275 and clp1-GFP-NES were dead, whereas double
mutants between cut17-275 and clp1-GFP or clp1-
GFP-NLS were viable (data not shown).
To analyze whether the withdrawal of Clp1p from the
nucleus resulted in genetic instability, we determined
the chromosome loss rate of clp1-GFP-NES through a
minichromosome loss assay (see the Supplemental Ex-
perimental Procedures in the Supplemental Data avail-
able with this article online). clp1-GFP-NES showed a
5.38-fold higher rate of chromosome loss than clp1-
GFP (Table 1). Although this is a moderate chromosome
loss rate compared to that of clp1 (28.2 fold) [5], a
possible explanation is that clp1-GFP-NES shifts the
equilibrium of Clp1p to the cytoplasm but does not ex-
clude Clp1p from the nucleus, as judged by the fact
that this protein still shuttles through the nucleus (Fig-
ure S3). clp1-GFP-NLS lost the minichromosome at a
rate only slightly (2 fold) higher than the wild-type.
Combined, these data show that Clp1p function in
chromosome segregation during mitosis is dependent
on its presence in the nucleus, where it localizes to the
kinetochores and the spindle during mitosis.
Clp1p Functions in the Cytoplasm to Maintain
the Cytokinesis Checkpoint
Clp1p functions as part of the cytokinesis checkpoint,
which ensures a delay in nuclear division in the event
of cytokinesis defects caused by perturbations of the
contractile ring [2, 3, 10]. This delay as a binucleate cell
allows more time to complete cytokinesis and prevent
polyploidy. Clp1p is released from the nucleolus in early
mitosis and localizes throughout the cytoplasm and nu-
cleus until cytokinesis is complete, as well as when cy-
tokinesis is blocked or delayed [2, 3]. This suggests
that Clp1p must be released from the nucleolus and
localized to the cytoplasm to maintain the cytokinesis
checkpoint. The cytoplasmic and nuclear alleles of
Clp1p allowed us to examine this issue more closely.
We first activated the cytokinesis checkpoint by
treatment with low concentrations of the actin depoly-
merizing drug Latrunculin B ([Lat B]; Molecular Probes).
As with low doses of Latrunculin A, treatment with low
concentrations of Lat B slows cytokinesis, causing cells
to delay in a binucleate stage with an activated cytokine-
sis checkpoint [10]. We compared the activity of the
cytokinesis checkpoint in wild-type (clp1-GFP), clp1D,
clp1-GFP-NLS, and clp1-GFP-NES genetic background
by the accumulation of nuclei per cell over time. As pre-
viously shown, the cytokinesis checkpoint was acti-
vated in clp1-GFP background, and deletion of clp1 re-
sulted in loss of the checkpoint and rapid accumulation
of nuclei (Figure 3Ba) [10]. Whereas cytoplasmic tar-
geting of Clp1p in clp1-GFP-NES cells did not affect
cytokinesis-checkpoint maintenance, clp1-GFP-NLS
cells were unable to maintain the cytokinesis check-
point and accumulated nuclei at a rate similar to clp1D
mutants (Figure 3Ba).
To rule out that this result was specific to cytokinesis-
checkpoint activation by Lat B treatment, we triggered
Current Biology
1386Figure 2. Clp1p-GFP-NES and Clp1p-GFP-NLS Localization throughout the Cell Cycle
cdc25-22 clp1-GFP-NES (A and B) and cdc25-22 clp1-GFP-NLS (C and D) cells were shifted to 36°C for 4 hr and released into mitosis by
return to 25°C. Samples were fixed every 10 min in MeOH, and GFP localization was analyzed. (B) and (D) show examples of cells scored in
(A) and (C), respectively, at the indicated time points.the cytokinesis checkpoint through a temperature-sen- [
psitive mutation in profilin cdc3-124, which disrupts for-
mation of the contractile ring [3]. This experiment o
syielded similar results to the Lat B experiment, with
cdc3-124 clp1-GFP-NLS cells accumulating nuclei earlier p
wthan cdc3-124 clp1-GFP or cdc3-124 clp1-GFP-NES
cells at cdc3-124 restrictive temperature 36°C (Figure G
t3Bb). Therefore, Clp1p functions in the cytoplasm to
maintain the cytokinesis checkpoint. a
cWe also assessed whether the cytokinesis check-
point is dependent on Clp1p phosphatase activity. The t
ucytokinesis checkpoint was activated either by Lat
B treatment or with the cdc3-124 allele in the Clp1p t
Cphosphatase inactive mutant clp1C286S-GFP. In Lat-B-
treated clp1C286S-GFP cells, as well as in cdc3-124 S
clp1C286S-GFP mutants, nuclei accumulated at a rate
similar to the clp1 background, showing that Clp1p C
Iphosphatase activity is required for maintenance of the
cytokinesis checkpoint (Figures 3Ba and 3Bb). L
C
mCytoplasmic Clp1p Does Not Rescue the Cytokinesis
Checkpoint in SIN Mutants c
oThe cytokinesis checkpoint is not only regulated through
Clp1p, but also through the septation initiation network T
C(SIN). The SIN is a signaling cascade essential for cyto-
kinesis and acts in late mitosis to promote contractile p
nring stability, ring constriction, and septum formation.
The SIN and Clp1p function together in cytokinesis- t
tcheckpoint maintenance, with the SIN keeping Clp1p
out of the nucleolus and Clp1p promoting SIN activity l2, 3]. Therefore, maintenance of Clp1p in the cyto-
lasm might rescue the cytokinesis-checkpoint defect
f SIN mutants. We tested for presence of the cytokine-
is checkpoint by comparison of nuclei accumulation
er cell in the SIN mutant sid2-250, expressing either
ild-type clp1-GFP or clp1-GFP-NES. sid2-250 clp1-
FP cells showed no delay in nuclear division after cy-
okinesis failure, even though the ring disassembles in
naphase in sid2-250 mutants (Figure 3Bc). sid2-250
lp1-GFP-NES cells did not differ in the timing of mi-
otic entry and accumulated nuclei at a similar rate (Fig-
re 3Bc). Thus, Clp1p-GFP-NES cannot rescue the cy-
okinesis checkpoint in SIN mutants. This indicates that
lp1p acts on the cytokinesis checkpoint through the
IN, consistent with a previous study [10].
ytoplasmic Localization of Clp1p by the SIN
s Maintained by Mechanisms Other Than
oss of Nucleolar Binding Affinity
lp1p localizes to the cytoplasm in a SIN-dependent
anner when the cytokinesis checkpoint is active. The
ytokinesis checkpoint and the SIN could keep Clp1p
ut of the nucleolus through two different mechanisms.
he SIN could inhibit the affinity of the nucleolus for
lp1p. Alternatively, Clp1p may be kept in the cyto-
lasm by promoting its nuclear export or inhibiting its
uclear import in the presence of nucleolar affinity,
hereby preventing nuclear and nucleolar accumula-
ion. To address this issue, we examined clp1-GFP-NLS
ocalization when cytokinesis was blocked with cdc3-
Clp1p Localization and Regulation
1387Figure 3. Clp1p Localization and Function
(A) dis1 mutants in different clp1 mutant backgrounds were spotted
on YE plates in serial dilutions and kept at 25°C or 30°C.
(B) The number of nuclei per cell in wild-type clp1-GFP (asterisk),
clp1 (square), clp1-NES (circle), clp1-GFP-NLS (triangle), and
clp1C286S-GFP (diamond) were scored over time. Cultures were
either treated with 4 M Lat B (a) or shifted to 36°C in a cdc3-124
(b) or in a sid2-250 mutant background (c).124 clp1-GFP or cdc3-124 clp1-GFP-NLS cultures syn-
chronized in G2 by centrifugal elutriation and shifted
them to the restrictive temperature of 36°C to block cy-
tokinesis. Cells were then analyzed every 10 min for
GFP localization. cdc3-124 clp1-GFP cells entered mi-
tosis and delayed as binucleate cells. Clp1p-GFP was
released from the nucleolus upon mitotic entry and
maintained in the cytoplasm for as long as the cytoki-
nesis checkpoint was active, as judged by the percen-
tage of binucleate cells (Figures 4A and 4B). Similarly,
Clp1p-GFP-NLS was released from the nucleolus in
early mitosis. However, Clp1p-GFP-NLS returned to theTable 1. Minichromosome Loss Rate of clp1 Alleles
Chromosome Loss Fold Increase
clp1-GFP 6.18 × 10−4 (2427)a
clp1-NES-GFP 3.33 × 10−3 (3308)a 5.38
clp1-NLS-GFP 1.24 × 10−3 (4416)a 2
a Number of colonies screened.nucleolus shortly after anaphase, even though cytoki-
nesis was blocked (Figures 4A and 4C). Clp1p-GFP-
NLS relocalization to the nucleolus in cdc3-124 cells
was similar to Clp1p-GFP relocalization when SIN was
inactivated in cdc3-124 cells (Figure 4D). This implies
that the SIN regulates cytoplasmic retention of Clp1p
during the cytokinesis checkpoint and not nucleolar af-
finity [2, 3].
Because SIN activity could be affected by the ab-
sence of Clp1p-GFP-NLS from the cytoplasm, we ana-
lyzed Clp1p-GFP-NLS localization in cdc16-116 mutant
cells, which hyperactivate the SIN in a Clp1p-indepen-
dent manner [11]. cdc16-116 clp1-GFP or cdc16-116
clp1-GFP-NLS cells were shifted to the restrictive tem-
perature for 2 hr. As previously noted, Clp1p-GFP was
released from the nucleolus in 65% of binucleate multi-
septated cells [2, 3] (Figures 4E and 4F). In contrast,
Clp1p-GFP-NLS was released from the nucleolus in
only 5% of the binucleate multiseptated cells. Although
it is possible that addition of the NLS sequences ren-
ders Clp1p inaccessible to SIN signaling, we think that
the experiments described below and in the accompa-
nying paper ([12]; this issue of Current Biology) support
a model in which the SIN keeps Clp1p out of the nucle-
olus by regulating nuclear transport and not nucleolar
affinity for Clp1p.
Interestingly, protein purification of the Clp1p com-
plex by tandem affinity purification and mass-spec-
trometry identified the 14-3-3 family protein Rad24p
as a Clp1p interactor (S. Choi and D.M., unpublished
data). Rad24p regulates nuclear export of its interactor
Cdc25p and might similarly regulate Clp1p nuclear ex-
port [13]. In the accompanying study, Mishra et al. inde-
pendently identify Rad24p as a protein required for the
cytokinesis checkpoint and a binding partner of Clp1p
[12]. They find that deletion of rad24 results in nucleolar
relocalization of Clp1p when the cytokinesis check-
point is triggered. These results prompted us to test
whether cytoplasmic Clp1p-GFP-NES can rescue the
cytokinesis checkpoint defect of rad24. rad24 rad24
clp1-GFP-NES mutant cells and clp1-GFP control cells
were treated with Lat B to activate the cytokinesis
checkpoint and were monitored for the accumulation
of nuclei. Wild-type clp1-GFP cells delayed as binucle-
ates, whereas the rad24 mutant failed in the cytoki-
nesis checkpoint. Targeting Clp1p to the cytoplasm
slowed down accumulation of nuclei significantly in
rad24 mutants (Figure 4G). This shows that Clp1p
maintenance in the cytoplasm and Clp1p-dependent
activation of the cytokinesis checkpoint are regulated
through the 14-3-3 protein Rad24p.
How Cdc14-like phosphatases are released from the
nucleolus and retained in the cytoplasm is an important
yet not-well-understood subject. In S. cerevisiae, the
Current Biology
1388Figure 4. Clp1p Cytoplasmic Retention Is
Not Regulated through Loss of Nucleolar Af-
finity
Clp1p-GFP and Clp1p-GFP-NLS in cdc3-
124, 80 min after elutriation and shift to
36°C (A).
(B–D) Nucleolar release of Clp1p-GFP (cir-
cles) and appearance of binucleate cells
(squares) in cdc3-124 clp1-GFP (B), cdc3-
124 clp1-GFP-NLS (C), and sid2-250 cdc3-
124 clp1-GFP cells (D) after elutriation and
shift to 36°C are shown.
(E) Quantification of nucleolar or dispersed
localization of Clp1p-GFP and Clp1p-GFP-
NLS in binucleate septated cdc16-116 mu-
tants after incubation at 36°C for 2 hr was
scored. Error bars indicate the standard de-
viation from three independent experiments.
(F) Examples of cells described in (E) are
shown.
(G) Accumulation of nuclei per cell in wild-
type clp1-GFP (circle), rad24D clp1-GFP (di-
amond), and rad24 clp1-GFP-NES (triangle)
after treatment with 4 M Lat B.FEAR network causes release of Cdc14p from the nu- l
Ccleolus by inhibiting binding of Cdc14p to its nucleolar
binding partner Net1p/Cfi1p [1, 4]. The mechanism of t
irelease of Clp1p from the nucleolus in early mitosis in
S. pombe is not known. However, the fact that Clp1p- l
sGFP-NLS is still released from the nucleolus in early
mitosis suggests that loss of nucleolar affinity and not u
pnuclear shuttling may drive its release. Once Clp1p and
Cdc14p have been released from the nucleolus, the ho- i
mmologous networks, the SIN in S. pombe and the MEN
in S. cerevisiae, are required to inhibit return of the i
Cphosphatases to the nucleolus and to maintain them in
the cytoplasm [2, 3, 14]. S. pombe Clp1p needs to be i
tkept from nucleolar relocalization in order to fulfill its
function in the cytokinesis checkpoint, and premature [
pnucleolar localization of S. cerevisiae Cdc14p corre-
lates with defects in mitotic exit [15, 16]. The main hy- t
tpothesis proposed for how the MEN in S. cerevisiae
promotes Cdc14p maintenance in the cytoplasm is loss p
fof a nucleolar affinity [17]. More specifically, the nucleo-ar protein Net1p is thought to lose its ability to bind
dc14p in the presence of MEN activity. Here, we show
hat Clp1p nucleolar affinity is not affected by SIN activ-
ty. Nuclear localization of Clp1p is sufficient for nucleo-
ar relocalization even in the presence of SIN signaling,
uggesting that Clp1p retention in the cytoplasm is reg-
lated by nuclear shuttling, possibly through the 14-3-3
rotein Rad24p. The FEAR network releases Cdc14p
nto the nucleus, but not the cytoplasm [18]. The MEN
ight therefore be required for nuclear export of Cdc14p
nto the cytoplasm, and MEN inactivation would lead to
dc14p nuclear accumulation. Interestingly, mutations
n nuclear cytoplasmic transporters have been iden-
ified as suppressors of MEN mutants in S. cerevisiae
19, 20]. Mutations in these karyopherins might uncou-
le MEN signaling from Cdc14p localization. How in de-
ail the MEN and the SIN regulate Cdc14-like phospha-
ase localization remains elusive. Interestingly, 14-3-3
roteins such as Rad24p bind phosphoproteins. There-
ore, phosphorylation of Clp1p/Cdc14p by SIN/MEN
Clp1p Localization and Regulation
1389might activate 14-3-3-protein-dependent nuclear ex-
port of Clp1p/Cdc14p. In human cells, removal of the
nuclear export signal from hCDC14A results in mislo-
calization from the centrosomes to the nucleoli during
interphase, and thus, Cdc14-like phosphatase regula-
tion through nuclear shuttling might not be confined to
unicellular yeasts [21, 22].
Supplemental Data
Detailed Experimental Procedures and several supplemental fig-
ures are available at http://www.current-biology.com/cgi/content/
full/15/15/1384/DC1/.
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